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AN EXPERIMENTAL AND THEORETICAL STUDY
OF SALT-GRAOIENT POND INTERFACE BEHAVIOR*

by

K. A, Meyer, D. P. Grinner, G. F. Jones
Los Alanms National Laboratory
Solar Energy Group, M,S. K571

Los Alamos, NM 87545

ABSTRACT

He describe an extension of our nunwical
model to include the effect of wind shear
on upper convective region growth. He also
report on laboratory experiments designed
to investigate interface nmtion in salt-
gradient prods, and we present a cunpar i son
of our nunt?rical mdel prediction with an
experimental result.

Me briefly review our numerical model tre~t-
ment of the double di ffusive effe~ ts at the
interfaces between convecting and nonconvec-
ting regions if solar prods, and we descr ibe
an approach that incorporates wind-generated
turbulent entrainment into the interface
treatment. W? find agreement of the calcu-
lated behavior with observations made on a
solar pond.

Two kinds of interface experitmrts are dis-
cussed. The first kind consists of tank
experiments designed to give Information on
interface motion, and on salt and heat
trdnspor t across Interfaces . Numerical
mudcl predictions are conpared with experi-
menial data. lhe second type of experiments
conb;ne flow-v lsualizalicm techniques with
temperature m d salinity nnmsurements.
These ●xperiments reveal the fls structure
in the neighborhood of the Interface.

Ii lNTRO@dCllON—-- ..—

The behavior of interfaces separating con.
vertlng md nmconvpctlnq r~glnns In salt
gradient ponds Is of great ~nqxrtance in
detcrmlrLinq IAWWi performanr.em Grmth of
th(? UPpW and Iwer convecting regions
rrsul t’, in Lhr narrwlng of the insulating,
noncorv~~tinq r@yton, an Incrcast in ufrward
heat iuss, md a rductlcm of th~ p(md’s
●ffif.l~nrym Mr are dfvelopinq J numrical

*Y)III- work wa~ Iiartlfilly supportrd hy tho [1,S
Inrrqy Sy\l~m\.

model to predict in~erface nmtlon to faci-
litate pord design and operation.

The basic numerical nmdel treating double
diffusive interface transport has been de-
scribed in detail in Ref. 1. In Section 2
we briefly review this basic model and then
descr ibe a treatment for including the
inter~”ace motion induced by wind shear. The

wind-shear treatment is fornwlatej so that
wind effects and the basic double diffusive
effects are additive.

In Section 3 we describe our flou-visualiza-
tion experiments that are designed to give
an understanding of the basic flou patterns
involved in interface salt transport and
heat transport. The observations also allow
us tn evalvatc models of interface transport
proposed in the literature,

Section 4 describes an experiment in tiich
we masure the silt flux, heat flux, and
interface nmtion in laboratory solar pond

simulation; our r?sults are compared with
those of other Investigators, Ue also use
the nmasured salt-tu-heat fiux ratio itl a
numpricai model calculation of interface
position, and compare this result with the
~xpcrimental reswlt~.

7, NUMERICAL fItOOELiNG—— —-—.

?,1 Review nf Basir W)dei—-—— .—-—-—- ..—

This model is described In detail in R~f. 1
and will be revlwrd only brlcfiy here,

Thr pnnd conflglratlon a$sunwrl In thr onr
dhPfI%lOndl numericai modri Is a thrm
rrglon sy%tem w!th boundary layers sepa.
rat iny thQ C(vlvrctinq rpqlrrfls from t.hr
nnnconv~ct Ing rcgionsm lhr timr dciww(i~nt
dlffuslon ~uatlnn 1% U*IV! to (h~tru’mlnr

Department of Inrrqy, [~ivi~ion nf !wlnr l’lrrmni



both the heat flux and the salt flux. The
tOnperature distributiml in the pond is
obtair?ed from

aT a

()

al
“p~”fi ‘T=

+ q(x, t) - L(n., t). (1)

In the nonconvecting region, the nmlecular
conductivity is useu for kT; in the con-
vecting regions, an eddy conductivity is
used.

The salinity profile is determined from

aos

(

aos

)~=% ‘S=+DST% “
(2)

The secmd term cm the ri@t is the Soret
term; it represents salt transport induced
by the temperature grddient. In the noncon-
vecting region, the nmlecu!ar diffusivity is
used for D

X
whereas an eddy diffusively

is used in t e convecting region.

For an interface between convecting and
nonconvecting regions to remain stationary,
we nust mintain static stability (density
increasing downward)

AIT d,B%
Z“AX

~- > D, :3)

across the bounaary layer separating these
regions, If the cmditim of Eq. (3) 1s
violated, the convecting region will en-
crodch on the nmconvecting region.

The salt transport and heat transport across
the Interftsce botmdary layers drp obtained
fram empirical relalions generated In var-
ious ocemgraphir thermohaline studies (see,
Ior ●xample, Ref. 2). The bol-ndary la~r
heat flux is d f,incti(xl of th~ t~peratUre
difference across the boundary layer and of
the fluid properties, The salt flux
related to the heat flux hy

Ue feel. at this tlnw. that C is actudl

Is

(4)

yd
f~ctlm” of the heat- f)ux. H. and varlrw
betwevn 0,14 and 0.50, - -

In our nunwlcal rmlel, UP havr convrrlrd
thr anplrlcal %alt flux and h?at flufl to an
(?ffectlv

#
boundary Ia@r thwm~al;on~~-

Llvlty, T and an eff~cttvr
fu\lvtty,

$
lhl systpm of I.qs. (1 4)

was rcplh[,el hy It$ finite differwlr~ analog
and solved u5ing an impllctt pru[wlure.

2.7 Hind lnduc~d tntralnment.-

Ihr ha%lc amMIPl dr~crlhrd In thr prw~:?pl!lng
srctl[m ac~owlt< for htth thr lntrrfar~ %alt

flux and heat flux generated by local, ther-
mally induced turbulence. In a solar pond
we can expect to have added effects caused
by externally induced turbulence gener~ted
either by wind action at the surface or by
fluid injection or withdrawal in the con-
vecting regions.

Ue are aware of only one reference, the work
b,y Crapper (Ref, 3), dealing with the
conblnecl effects of double diffusive trafis-
port and externally generated turbulence.
Althou@, his quantitative results cannot
be genera liz~, his data indicates that
exte-nal turbulence produces an increase in
the interface salt flux and heat flux above
those caused by thermal convection alone.

There is an extensive collection of work
dealing with turbulent entrainnmt at a
Jensity interface between stably stratified
f’uids with only one diffusing quantity
present. Ue are intere~ted in the case of
a wind-driven, uniform density convecting
region that lies on a nonconvecting regimm
the latter having a stable dsmsity gradient.
Under these conditions, we can correlate
the entralnnmnt of the grad’ent reg!on with
the wind shear and the Richardson nu~er.
Ri, by a relation of the forfl

u
e

~-
C1 Ri-n ,

where Cl find n are mpir
The friction velocity, u,,
the wind speed, w, by

()
1/7

‘a ~
U* ‘CDT “

(5)

cal constants.
is related *.J

(6)

In order to conbine the thermally ilduced
double diffusive process with turbulent en-
trdlnmmt, we assunw we can r~place th ●

●ntrflinmrlt velorlty by appruprtate *en-
tratn~nt fluxes” re$ultlng from mirilng,
~d that three flux?s can be added to the
duutl IF diffusive fluxes de%crlbed In
Wctlr)n ?.1. Encroachment of thr lnt~face
then rrsu~ts from the 105s of statl~ sta-
~lllty, [q, (3), across the potl.ulated
lntelfar~.boundar,y la~r, This as%u~tinn

of s?parat~, addittvr contrlbutiont from
both the doul)le olffuslve effect an,l the
mchanlcal turhulencp app~ari to he Justi..
ff?d try nur ob%@rvatlons of relatively rarp
mlxlng ●VFnts W double diffu51ve flrmt and
slmllar al’servations hy lllrnw (R@f. 4) for
grid -qenrratd turbulrnr~~.

lhe mtralnmnt h~at flu~ ncrnis th~ Inter.
face cm IN) •ap~~s%rd a%

II - up 11 Cr, Al, (?)

I



whereas the salt flux Is

(B)

Fran these relations we define effective
entrainnmt boundary-layer diffusivlties,
Aich are added to the double diffusive
contributions.

2.3 Comparison Uith Experiment

He have used our wind-entrainment, double
diffusive nmdel to calculate the perforw
ante of the Miamisburg, Chio, solar pond
over a three-month periul. Data for the
pond performance were orovided by
L. biitten’~erg and M. Harris of the Fbund
Facility, Aiarnisburg, ~lo.

It should be noted that during this period
of operaticm, the salinity of the pond’s
l~er convective layer was much lower than
normal .

Initial temperature and salinity profiles
were obtained from the data. Simple snmoth
fits were used for the insolation and
anbient temperatures; an average wind speed
of 4.0 m/s was used.

There is currently stxm? uncertainty re-
garding the appropriate value> for Cl and
n in [q. (5). Me tried two ,ets of values
in our calculations, In the first case we
used the values Cl = 0.075, n - i as
obtained by Mu (Ref. 5); tiereas in the
second case wc used Cl . 1.5, n - 3/2 as
obtained by Kit, et al. (Ref. 6). Observed
and calculated interface positions as a
fmcLiwl of tlm are show in Fig. 1. Ue
see that the calculation with n - 1 gives
good agreement with observations for both
the upper and lower IntcrfacPs; the use of
n - 3/2 wlderes Limte the grmith of the
uppel convective layv.

3. FLCWVISUAL12ATION EXPEHIMENIS——

Our fl~-visudllzatlon ernperlnmts are
dlrt?cted both at titainlng M md~r~tandtng
of th~ fl~ p,ltterns involved at a thcrmlly
dr Iveil, douLle diffusive inh?rfacc and at
aSSPS\if’Ig a si~l@ nwchanlsllc ~~1 of Lhr
Inlor face propospd ln~pvnffmtly by Llndorrg
and Ilaber$troh (Ref. 7) and Ilndm and
$hlrtlllff~ (ll~f. H).

The proposed nmkl as%uw% tho slnalltan?ous
grmith of a thermal bnndary layer and a
>allnlly bowndaly la~r from the dlffu>lve
[ore i:lto the Intermlttanl turbulent con-
vertton reylon. l!ecause of thr hl@ thermal
dlffuslvlty, lIN! thermal bomdary layer out
dlstance~ WP la~r caus-d by ●allnlly.
IWcauw th> Wnpwaturp dt%trlbwt ton In thr
Ihwmal Iayrr Is un!~ablr, al SO* thick
nest thr layer will break dow and a

bouyant element will be releasea. Such
elements are described as thermal pl~,mes.
l“he thickness of the salir,ity boundary
layer and the temperature boundary layer at
breakdown can be calculated from stability
considerations. If we assume that at break-
down both boundary layers are fully mixed
into the convecting region, we can estimate
the ratio of salt flux to heat flux caused
by this mechanism. f40del predictions are
in reasonably good agreement with the
observed salt-to-heat flux ratios.

He are using a flow-visualization technique,
developed by Baker (Ref. 9), that enplon
thywl blue to mark fluid particles. The

method involves placing the tracer, thynol
blue, in the lower convective 1 ayer.
EWause thymol blue is a pH indicatw, the
Colcm of the solution c~n be altered locally
by the creation of ions at the surface of a
grid electrode. This dyed fluid reveals the
dutails of the flw.

The visualization experiments were performd
in a bottan-heated plastic tank approxi-
mately 30 cm by 30 cm by 75-cm deep. The
sides and bott~ of the tank were insulated
with about 7.5 cm of Styrofoam. Secticn5
of the side insulation were removed to
permit US to make observations and to take
pictures. A grid electrode was suspended
about one cm belou the gradient zonu/louer
convective z one interface. Temperature
data and salinity data were obtained from a
traversing rake containing a platinum resis-
tance thernumter and a Loint conductivity
prtie.

Figure 2 shcws the flow patterns immediately
heltm the interface ~,eparatlng the noncon-
vecting region and tne liner convecting
reglw. Plumes of cold dyed fluld are
clearly vlslble df’scend!nq fr,cm thp inter.
face. Patterns of this type were ohiwved
repeatedly. A plunw stru(ture such as that
in Fig. 7 aqrecs very well with the convec.
tlve breakdown assumed In the mechan15tic
nmde 1.

tjuantltative measurements using the dye hav~
proved dlfflcult, Ouring observations made
with heat fluxes in the range cf 50 to WI
H/n?, plunm vt=locltles ranged Lwtn?en 0.1
and (J. ? rm/5. The averagr plume vcloclty
appohrcri to lncr+aso with Increa$inq brat
?Iux. Plwne spacinq ranqed from 3 to (I rm.

d, ~_~ll~ATIVl IANK EX1’lktlMl”Nl-. . . ..- . . ..—. . . . -

4.1 [.XJI rlment and Data. . .- . . ..—.— -_

He havo t)mun a smlef of exporlnwwl~ du
Slwrd tO f.wovlde in furnla’ Ion cm lllt~farp
nultlo!l and on Inter fare snlt flux ,nnd honl
flux Ill dollblr dlffll+lvr flw.
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Fig. 1.
Ccdnparison of measured ~d
calculated interface posi-
tions for the Miami shurg,
Ohio, salt-gradient solar
pored .
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Fig. 2.
Thermal plumes observed about 1 an
below the grddient region/lower
convective rt?gion interface during
ldbOrdtOry f]OU-vlSIIal lZatlOn ex-
per imenl.

ii

,,

The ldbOrdtOry dppdratUS COflSiStS Of d gld$S

dewar (29-cm I.D. by 75-m deep) with a
bottonhedtlng ●lement and a top-cooling
pldte to establish the desired temperature
gradient. In order thdt we fi~ldte ~ onP-
dlmensiondl section of a solar pond, we were
0b;i9Wi to minimize rddial heat 10SS. W
acccsnp]islleo !)11s by using d gudrd he#ter
that ll!ditl~dill, the Wtsidp wall of ttle &war
at the sane tnnperature as the fluid within.

Instr’mntdtion for the tank consisls prl-
Ifiarily of a c~ined platinum resi%tanre
thernmmter md a mint conductivity probo
mounted on a vertical trdver-ing mechanism
for detdi led profile measurements in the
neighborhood “of th? interfaces. A fia~d

The results from our first ●xpwiment in-

c lude informfltlon on the wutlon of the
inter fdce betw+en the Iowm- convective
region dnd the gradient r{n~w ds a function
of tinw and the Sdlt flux dnd hedt flux
acrtiss the interfa~e.

~~ IRdsured Sdlt-to-hedt flux ratio was

2
+ 0.05 at d hedt flux of 35,5 + 2.0

w; ‘“ This ddta point is plotted on
Flg..3, with the result~ of Mdrmorinn and
Cdldwell (Ref. 7), Nielsen (Ref 10), and
EWoughtfm (Ref. 11). Figure 3 shins that
our data point dgrets rt?dSOfIdbly well with
the high range of data fran Hnrmorino and
Cdlckell, but is hi@er than the Nielson
dnd the Brm@ton r~sults.

vwlica] drrsSy of resistance t.hetmmters
pruv id-s overdll tmnperature

W“ sd!t flux was obtained by comparing
profiles.

Solution saqles taken from thp lwer cnn.
salinity profiles obtained at tinwr t~
and t7.

v~cting rrgion provide cdlibratiml daf.a for
rtl~ interface Posit Ion at tinw

the salinity probe.
t? was oota ind from shllnlty profiles



!~7 FIT TO SOLAR FONO OATA BY NIELSON

Experimen{~?i~”mas.red
values of the dimension.
less salt-to-heat flux
ratio vs heat. flux.

104 10-3

HEAT FLUX (CAL cm”z S-l)

and temperature profiles; the salt content
of the lower convecting layer was calculated
from the hei~t of the layer and its sali.
nity as determined by specific gravity and
temperature r,easuremnts. Salt was totaled
at time tl for all the fluid below the
tz interface position. The difference in
~alt comtent divided by time and by area
oroduced the average salt flux between times
t] and t2. The heat flux was detel’mined
frmn the tesnperaiure gradient in the non-.
convecting region.

Our largest source of error was in deter-
mining the position of the interface. The
salinity-prcfile data were sctittered,
whereas the temperature profiles were smooth
and I’ounded in the region of the interface.
Me defined the interface as the intersection
of the straight llnt extension of the ~a-
dient region temperature profi:e and the
constant temperature line of the lower
convecting region.

4.2 Model Calculation.——-

Using the nunerlcal nmdel ck?scrihel in
Sect;on 2.1, we calcul~ted the exp~w”iment
described in Section 4.1, He used initidl
temperatures, salinlty profiles, and heating
rdtes bdsed on the r.lata. Calculations were
PeIfcw’med with a nutitw’ uf sd!l-lu-heal flux
raL;os, The Imcr Interface posltlctn, lower
couvect.ive region tempcrdtures, and Imer
convective region sallnit.v for a calculation
with salt-to-heat flux ratio of 0.25 arc
compared with the experlnwtt In Fig. 4.
The eyrcernent l“, reasonably good with the
exceptlnn of the calcl)luled Interface growth
rdte for the first two days. This my b~
caused by our usc of approxtmat~ Initial
prof Iles In tth= calculation. A flux rdtlll
of ~.tb is at. the low End of the experi-
IIW?lltd] range; calculatlnns performed with
hi@er flux ratios produced a grmith ratp
of the lower reglm that wa$ too r~pld,
wh~:.eaz Iwer flux ratlns gd~p a SIUN*Whi?t
Ir-xwr yr~lh r’~te thm that uh>ervcd.

102

With additional research, we hope to produce
more mecise results for validatifm Gf the
numerical nx)del,

5.

CD

:P

Ds
DST
DT
Ils

Fs

9

;:

L
q

Ri

T

‘f?
U*
w
x
m

o

n

‘a
~s

NCPWNCIATLJRE—

Orag coefficient
Specific hfat (J/g”C)
E@pth of upper conve t}ng ayer (cm)

‘2Salt diffusivitv (c /s\
Soret coefficient.(g/crn’s”C)
Thermal diffusivity (cI#/s)

[ffect~ve boundary layer diffusivity
(Cl#/sj

Salt flu~ (g/en? s) .
Gravitational a ceieratiorl (cm/s2)

3Heat flux (H/c )
Thermal conductivity (H/cm-C)
Effectiv~ boundary layer conductivity

[ne~~~c~e%ed at depth x (U/cm3)
Soldr enerqy absorbed at deDth x

(U/cm3)--
Richdrdson nu~er,

Temperature (“C)
EnLrainnm+ veloci
Friction velocity
Hind spt!ed (cm/s)
Verttcdl dislhn(.e
lherm~l coefficlen

(l/”c)
Sallnl~y expanslun

Y (cmIs)
cmls )

cm)
nf expantlon

Coefficimt
(cmJ/g)

Fluid density (g/ m3)
5Alr drmsity (g/cm )

S411utP (tWstty (y/cm3)



r H DATA WITH ERROR ESTIMATE u = 030 t 0.05[

h-
a t,

--- CALCULATION WITH ~~ -0.25

12.2
a FT

----

s (%) :::

11.s ~

Fig. 4.
Ccmtparison of observed and
calculated salinity, tem-
perature, m d interface
position vs time for labor-
atory-tank experiment.
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